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ABSTRACT

The brain and cranium are separated by a thin laver of cerebrospinagl fluid (CSF) that plays an important
role in the brain response under impact loading.  Understanding the pressure vesponse of the CSF layer iy
an important first step in the characterization of the brain response wnder impact conditions. Under severe
impact, the flutd pressure can drop below ity vapor pressure and cavitation bubblex, which have been
postulated to cause contrecoup damage, can forn. This paper describes an experimental and computational
ueid dvnanues study wsing (dealized plhvsical and compatational maodels of the brain-cranium system o
Investigate 1) effects of variations in the gross mechanical properties of the brain and 2) influence of flow
out of the foramen magnum. Indication of coup as well as contrecoup cavitation was observed, resulting in
large, violent pressures during the collapse phase thar may well be assoctated with brain injury.

INTRODUCTION

Mulur vehicle crashes can result in occupant impacts that subject the head to structural deformation
as well ne scceleration effects that can cawse the bran 1o move within the cmmal cavity, Such
movements can result in cerebrospinal fluid pressures that affect the pressure gradients within the brain
itself. If such gradients contain sudden drops reaching negative pressure values of one stmosphere, the brain
parynchyma may expenience local damage including vascular ruptures (Umterharnscheidt and Ripperger,
1970,

Physical model studies have been used to investigate brain response related 1o injury mechanisms.
Ljung (1975) used physical models 10 study brain motion resulting from pure rotation,  He showed that
significant brain motion relative to the mtenor surface of the cranium ofcurs. Pure translational head
pecelemtion, however, results in limited motion of the broin that is penerally translational. The associated
CSF response under such motion bas not been characterized.  lmpact accelerntions mduce strong pressure
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gradients i the mature brain with positive and negative values (Denny-Brown and Russell. 1941), Gross
{1958) postulated that cavitation would also occur if the contrecoup pressure drops below the water vapor
pressure, and the subsequent collapse of cavitation bubbles might cause serious brain injuries. These injuries
have been observed 1o occur on the side of the head opposite fo the impact site and have been labeled as
contrecoup injuries. Although contrecoup inpuries have been accepted clinically (Unterhamscheidt and
Ripperger, 1970; Stalhammar, 1970), debate sbout their mechanisms still exists. Computational and
experimental results (Kopecky and Ripperger, 1969) have demonstrated that un sceeleration of about 150g
eon produce negative pressures with magnitudes sufficient to couse cavitation,

Severnl experimental studies have been conducted using biological models o try to obtain realistic
data. These ineluded primate tests (McElhaney el al., 1973), embalmed cadavers (Ward, 1983, Viano el ol,,
1989), or data from clinical reports and evewitness interviews on motor vehicle crash head injury (Mohan ef
al,, 1979). ldealized physical models can be effectively used 10 study specific phinomena, since they
simplify the snalysis and reduce the uncertamnty in data interpretation. Kenner ond Goldsmith (1973)
mpacted water-filled spherical shells of various sizes W produce loadings with different magnitude and
duration. They compared pressure distributions and shell strain measurements with analytical results.

The purpnse this study is to investigate, expenmentally and computationally, the fundamentsl fluid
dynamic response of the CSF layer surmounding the bran. The quantitative understanding of the fluid dyna-
mics behaviour of the CSF layer will provide insight into the operative mechsnisms that muy be responsible
for injury as well s insight for modelling the interface between the cranm and the brain,

METHODS
Experimental

An idealized physical model of the cranimm-brain was developed and vsed 1o study intemal pressure
response under various impact londings (Fig. 1), The eranium wis made of two 8 ., hollow, Plexiglis
hemispheres bolted together at an equatorial flange. A 2 in. opening at the top (polar cap) of the model was
miadie 10 install a fiber-reinforced diaphragm for Jead application. The digpphragm was used 10 induce more
local deformation than can be produced by impacting the Plexiglas directly. The brain was simulated using a
balloon filled with vanous materials, Water was used 1o simulate the subarachnoidal CSF in the gap
between the crunium and the balloon, Before cach test, o metered amount of water was placed inside the
cranium, and then o balloon was inserted into the cranium through & discharge port located at 112,57 from
the polar cap (Fig. 2). A rubber stopper was used to wedge the neck of the balloon in place before it was
pressure filled with the desired material. A small tube connected 10 an adjustable water column through the
rubber stopper wis used to regulate the Aow in and out of the balloon to simulate the effect of the foramen
magnum (Fig. 2. Pressure gauges P1, P2, P3 and P4 were located ot four polar locations 07457, 135%, 180°,
and 225" on the same vertical plane (Fig. 1). The gauges were PCB piezoclectric transducers {model
113MIR2) tapped into the Plexiplas shell. The gange outputs were fed to o four channel Nicolet Model 4094
digital memory scope for direct display and later transferred to a desktop computer for snalysis.

Twir test comfigurations that attempted 1o isolate the effects of deformation and acceleration were
considered. In the deformation-impact tests, the model was rigidly held in place, so that there was no whole-
head acceleration resulting from impact against the top fexible diaphragm producing controlled local
deformation. A controlled drop of 4 weight onto the neoprene diaphragm (Fig 2) generated the impact. The
pulley arrangement guaranteed that the drop height could be consistently controlled and that the mmpact
point was always centered on the diaphragm.

In the sceelerntion-impact tests, the model was allowed w swing freely and the impoct was delivered
to the nearly rigid equatonial Mange. Analysis of the impact experiments revenled that some deformation
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occurred in the sphere model. A second model used a delrin insert, with the same internal diameter as the
sphere and 0.5 in. larger in outer radios than the Nunge, sandwiched between the two bemispheres to receive
the impact. The model was allowed to swing freely afier pendulum impact on the equatorial plane, The
pendulum impact mechanism 15 shown in Figure 3.

Two types of strikers were used for this series of tests. A 2.5 in, dismeter, 1.25 in. thick brass disk
that weighs | b, 15.5 oz was used for the direct impact lests, A vertical board was used to puide the
movement of the disk along the plane so that it hits the flange of the model directly and tmnsmits the load 10
the model surface. The second striker was a 3.0-in. diameter titanium sphere threaded at the end of a 0.5-in.
diameter 3-ft long steel rod. The rod was mounted 1o a linear bearing that allows the sphere to swing only in
the plane paralle] to the mounting surface. The pendulum, including the rod, weighs @ b, 13.2 o2

Compuiational
The fuid computations were conducted using the Eulerian two-1luid trunspor equations with henat
and mass transter, The analvsis assumed that the Liguid and gos phases are dispersed Jocally so that the
mixture equations of motion can be used. The governing equations in cylindrical coordinates are as follows.
rvition of o g
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With 7 as time, u, v and w are the three veloeity components o the radial, azimuthal and axiol coordinates, r,
B and z, respectively, The boiling rate, I", models the imterfacial mass transfer, p, and p,; represent the
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liquid and gas material densities, m, and . are their bulk densities, respectively, and o, and @ are the

hiquid and gas volume fractions, The pressure is p, and g,,€,, ond g, are the three external body
neceleration componenty (Egs, 3-5), Since fluid velocities are expected to be low and compressibility effect
15 small, the fluid stress terms are approximated as diffusion terms where f and gl are the dynamic
viscosities of liquid and gas. respectively. Both the liquid and pas phases are compressible. The liguid
compressibility is modelled with 8 constant sound speed, ¢, , where the superscript 0 refers to a reference

state (Egq. 6), For a low speed adiabatic process without shock wayes, the gas phase can be assumed to
follow an isentropic expansion with a constant specific heat ratio, ¥, (Eq. 7).

A dynamie flow-regime boiling model (Chan, Masiello, and Srikantiah, 1986) simulated cavitation.
The boiling rate, T, (mass/volume/time) is

=308 0 7y (9)
i Tl A
where fis & constant, 7, is the mean bubble radius, & s the liquid heat conductivity, /i, is the latent heat of
vaporization, 7, is the liquid temperature, and T is the saturation temperature, The liquid temperawre 7, is
kept constant at the laboratory ambient value, 70 "F, but the saturation temperatire T, varies with pressure.
Thus boiling or condensation occurs when T, is lower or higher than T, respectively.

The system of partial differential equations was solved by finite difference, In the computational
domain, stupgered meshes were used where scalars like the pressure and density were placed at cell centers,
and velocities were plisced ot and normmal 1o cell faces, as illuserated in Figure 4 for the @ plane. The
governing equations were recast into a system of difference equations according to the semi-implicit
algorithm of Liles and Reed (1978), Although the equations were integrated from time level n o o+l
explicitly, a robust coupling between velocity and predsure is preserved by taking the velocities in the
continuity equations (Egs. 1-2) and the pressure in the momentum equations (Egs. 3-5) always at the new
time level n+1. By a series of Gaussian ehminations, a system of difference equations for the pressure is
obtained for the entire computational domain, which is solved by an alternating direction line successive
over-relaxation (LSOR) method. Once the pressure is known, ull the other dependent variables can be
abtained by back substitution. Details of this methodology are available from several sources (Chan and
Klein, 1994; Chon, Masiello and Srikuntiah; 1986; Klein, Chan and Chan, 1989, Chan and Klein, |989),

A planor two-dimensional (evlindrical) model representing the cross-section of the spherical
physical model was used for the computational study. An outer cvlinder with B-in. diamieter was 1o represent
the cranium with a 7.3-in. diameter brain 15 located concemrically inside (Fig. 5). A layer of cerebrospinal
fluid 15 ploced between the cramum and the brain. The brain and the CSF were modetled as two distinet
fluids with a sharp interface. An interface-sharpening algorithm was used to remove the effects of numerical
diffusion and preserve the CSFE-brain interface. Twenty fine rdial cells were clustered in the CSF layer, and
the bmin region was resolved with 20 nonuniform radial cells. There were 36 uniform azimuthal cells.
Distinct materinl properties were prescribed for the CSF and the brain. The brain density was taken as T1.76
I i, which is 1o be 15% heavier than the CSF (Engin and Liu, 1970), The brain kinematic viscosity was
estimated 1o be 0,097 ft%s (Ljung, 1975), which 1s 10,000 times that of water, The CSF was taken 1o have
the sume density und viscosity as water. Coleulations were also performed with the brain density and
viscosity the same as the CSF. The sound speed of the houid phase was taken to be 5000 f'sec.
Acceleration and cranial deformation were applied for simulation. The acceleration, alt), followed a
sinuscidal function
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alt) = :lsin{%] (10

where A is the peak value, and T is the pulse duration (Hosey and Liu, 1982), A rigid cranium was modelled
by prescribing zero normal fluid velocity at the boundary cells. Cranial deformation was simulated by
imposing inflow velocity at selected boundary cells. To model eranium indentation and snap back at the
impact site, # normal flow velocity following the acceleration curve (Eq. 10), with selected A und T, is
prescribed at a number of boundary cells centered at the pole site. No slip tangential fuid velocity is
impased at the evlinder boundary.

RESULTS
Experimental

The repeatability of the deformation impact tests was confirmed for each configuration. An example
15 shown for the configuration where the balloon was filled with water and the discharge port was closed.
The 1est was repeated four times and the overlaid pressure traces are shown in Figure 6. Not only are the
peak pressures and durations replicated, but also many of the fine details of the pressure variation, probably
due to the flexure of the cranium model and the impact diaphragm are seen in each trace. The experimental
precedure was judged to be sensitive enough to distinguish small variations caused by changes  the test
configuration.

The effects of the flow through the opening simulating the “foramen magnum” indicate that as the
exil pressure water column is reduced, the flow out of the balloon is increased and the internal pressure is
relieved (Fig. 7). For the conditions tested, the outflow reduces the peak pressure and total duration of the
positive phase by about 109, The exit flow ares may not represent correctly the actual foramen magnum
und, therefore, the pressure relief effects may be greater or lesser.

The main factor affecting the pressure response was the difference in brain simulant materials, Four
simulant cases were considered: 1) o water filled balloon (base case): 2) a pelatin-filled balloon: 3) & wiler-
filled balloon with a 2.5 in. diameter air balloon in it (overall void volume fraction of 3.1%); and 4) u rigid
Plexigias sphere. The pressure response for these cases at location P1 under the condition of a closed exil is
shown in Figure 8, The response of the solid and water-filled balloon was nearly identicnl. The gelatin-filled
model showed a faster reduction of pressure following the peak which may be an indication of direct
interaction between the diaphragm and the balloon (Fig. &),

The case where the brain simulant was o water filled balloon with a 3.1% volume fraction of air
showed the most significant effects on pressure response (Fig. 8). The relatively small volume of air
contributed to a nearly 50% reduction in peak pressure and the generation of higher frequency pressure
fluctuations. The compressibility of the air bubble resulted m a different internal flow pattern as indicated by
pressune dscillations thit were out of phase with one another,

The pendulum accelerntion-impact tests showed that the sphere mode! has good repeatability. In these
tests, the pressure gauges on the impact side (P1 and P2) are referred to as the coup side, the gauge on the
opposite side (P4) us the contrecoup side, and P2 as the mid-plane, The pressure response to strong
acceleration (Figure @) indicates that the acceleration phase lasted sbout 0.5 ms during which the coup side
experienced un overpressure of 40-50 psig, while the contrecoup side experienced a pressure drop to the
limit of -14.7 psig indicating that cavitation probably occurred. At the end of the acceleration period, the
contrecoup pressure shows o pressure inerease (within o few hundredths of a millisecond) of about two
atmospheres (Fig. 9). This rapid increase is characteristic of a cavitation bubble collapse.
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Following acceleration, the coup side pressure continues to drop below ambient and levels off near
absolute zero, o strong indication that cavitation has occurred on the coup side (Fig, %), The cavse of the
cavitation state that is maintained for about 0.5ms is probably the “snap back™ of the local deformation of
the sphere. The results indicate that this collapse event results in an overpressure spike that is quile energetic
reaching 100-120 psig. Figure 10 shows the pressure response on the coup and contrécoup sides for impacts
which are sbove and below the level at which cavitation occurs. At low accelertion, the pressures oscillate
in time and are out of phase, as would be expected, on the two sides. At no time did the pressures approach
absolute zero, The chameter of the pressure variation dramatically as evidenced by the cavitation collupse
spikes. These results sugpest that there is a eritical level of impact-induced, whole-head, aceeleration and
duration at which cavilation oceurs,

The accelerometer at the “north pole™ of the spherical model provided an estimate of the scceleration
resulting from impacting the delrin-remforeed sphere with u titunium impactor. The initial acceleration pulse
lasted about 1,5 msee and the peak increased from about 50 ¢'s to nbout 200 g's as the pendulum height was
raised. The erratic behaviour of the acceleration following the initial impact is believed w be due 10
structurnl vibration since it contributes little to the veloeity (Fig. 11). The pressure response increases, as
expected, with the strength of the impaet acceleration pulse (Fig.12). The coup side pressure (P2) has a peak
that ranges from & to 25 psi. The reduced deformation of the sphere resulis in a reduced snap back effect and
sy o coup-side cavitation is observed (Fig. 12a). The contrecoup side (P4) mdicates the opposite; the peak
pressure reaching higher negative values as expected with incrensing seceleration (Fig. 12h). At the greatest
pendulum heights, the pressure reached cavitation levels, followed by very rapid prossune TOCTENSES, S0
chareteristic of bubble collapse. The high pressures from the collapse are propagated across the model and
show up as n second pressure peak on the coup side at around 2.8ms (Fig. 12).

Computational

Calculations were performed to study three fluid dynamics effects due to head impact: 1) brain
and CSF motion, 2) brain pressure response due to cranial deformation and ascceleration, and 3) cavitation
and bubble collapse. Caleulated results for the latter two studies were compared 1o selected expenmental
results,

In a baseline caleulation using o rigid cranium, with the brain and CSF having the same density and
viscosity and not allowed to cavitate, the model was subjected 10 acceleration loading with 1 50-g peak and 4
ms duration. The coup and contrecoup pressures were symimetric about the midplane (Fig. 13). With brain-
CSF density ratio being 1, no CSF or brain movement was observed. The pressure difference across the
brain increases with acceleration and reaches the maximum penk values of =215 psi at 2 ms. The
contrecoup pressure drops below the vapor pressure at 0.9 ms, and cavitation can oceur. Flud motion
developed when the baseline caleulation was repeated with the brain density and kinematic viscosity taken
as 71.76 b/’ and 0.097 R2/s, respectively (Fig. 14). Acceleration causes the brain 10 move forward and
squeeze the CSF Mud backward with velocity reaching 1.6 ft's. The brain motion mcreases the coup
compression and the contrecoup lension. The heavier brain (15%) increases the peak pressure gradient
across the brain by about 16%. With n heavier brain, the peak coup pressure increases by 24% to 26 psig
when compared to the baseline case (Fig. 13), However, the contrecoup pressure only reduces by 7% to =23
psig at 2 ms. This uneven coup-contrecoup pressure change may be partially due to the CSF flow effect.
Since the brain moves forward, the CSF has 1o flow backward, but it must also stagnate at the antipole and
may prevent the pressure o drop proportionally to the coup pressure incresse. Similar beum motion was
observed when the calculation, with distinct CSF and brain propertics, wus repeated with a 2 ms
acceleration pulse, while keeping peak acceleration at 150 g. Other than the pulse duration being shorter, the
nsymmetric coup-contrecoup pressure pattern is similiar to that of the long pulse (Fig. 13}



The normalized relative displacement produced by both the short and long pulses rise steadily 1o
0.031 and 0,067, respectively, at 12 ms (Fig. 15), suggesting that the brain can move by a few percent of the
CSF gap under these accelertions, The relative displacement between the brain and the cranium was
estimuied by an inferred strain, £, given by

£=J‘§d: (1)

where v 15 the azimuthal fluid velocity at the brain surfece, and & is the width of the CSF layer.

The analysis of combined effects of cramal deformation and acceleration on intracranial pressures
wus compared with the expeniment that used water enclosed by the spherical shell. The calculation was
made with the density and viscosity of both the brain and CSF set equal to water and the model wus
subjected an acceleration with | ms duration, a5 suggested by the data (Eq. 10), The calculation was
repeated with the brain having higher density and viscosity values, The structural deformation was imposed
as # sinusoidal velocity inflow condition at the cranium boundary over a 20" segment centered at the pole
with 4 peak of -1 ft/s, which corresponds to a deformation of about (.006 in, over | ms (Fig. 5a). As in the
experiment, CSF pressures at four locations were monitored, as shown in Figure 5a, with P1 and P2 on the
coup side, P3 on the midplane, and P4 on the contrécoup side,

Simulations show that structural deformation imereases the coup-contrecoup pressure  peak
magnitudes significantly and in un asymmetric manner. For the case with the brin and CSF having the
same density and viscosity as water, the frontal enmial deformation increases the peak pressure magnitudes
by at least 20%, when compared to the rigid cranium model (Fig. 16a). When distingt brain and CSF
properties are used, the coup peak pressure is further increased to almost twice the value for the ngid
cranium (Fig. 16a). The indentation of the impact region causes the coup pressiure at P1 o rise faster than
the contrecoup pressure drop at P4. Near the end of the pulse ot about 0.8 ms, the structurnl snap back of the
impact site creates a Muid ension, causing P1 1w drop below zero (Fig. 16a).

Using the model with the brain and CSF having water properties as in the experiment, the
calculated pressures at Pl and P4 with cranial deformation compare favournbly with data (Fig. 16a),
ncluding the peaks and timing (Fig. 16), Compared to the caleulation, the data show a stronger snap back
effect near the end of the acceleration, with the coup pressure (P1) dropping lower and the contrecoup
pressute (P4) recovering earlier. The recorded oscillations bevond | ms probably came from the Plexiglas
structural ringing excited by the loading and was not modelled,

The effect of CSF cavitation caused by acceleration and snap back of the fromtal impuet site was
simulated using 3 model with the brain and CSF having water properties similar to the test model. An
acceleration pulse with 1530-g peak and 0.5 ms duration was imposed, as suggested by test data. To
simulate the structural snap back on the coup side, a sinusoidal outflow with 2 fi/'s sec peak velocity was
imposed over a 40° region centered af the pole, beginning at 0.3 ms with a half period of 0.7 ms (Eg. 10},

The computational results confirmed the oecurrence of coup and contrecoup cavitation and the
caloulated CSF pressures agree qualitatively with experimental data (Fig. 17). The simulated snap back
effeet of the coup side sustains a cuvitntion from 0.5 to 1.2 ms afier the acceleration phase, fbllowed by o
strong spike reaching 125 psi, in close spreement with data for P2 (Fig. 17). On the contrecoup side, the
calcutated P4 pressure shows that cavitation occurs at 0.1 ms and collapses at 0.4 ms, followed by some
oscillation (Fig. 17a). The recarded P4 pressure confinms the contrecoup cavitation but shows n later
collapse ot (.6 ms. follewed by some oscillation probably due 1o stroctural ringing that was not modelled.



DISCUSSION

This study investigated the flud dynamic effécts on the loading response of the cranium-brain system
using o computational and a physical model. The physieal model consisis of an idealized cramum with a
halloon inserted in it to samulate the bruin.  Significant peak pressure reduction was observed by introducing
just 3.1% volume fraction of air into the bram fluid. The tests with different neck openings showed some
sensitivity of loading response to the flow resistance at the fornmen magnum.

The fluid response of the brain and CSF under strong accelerntion was simulated using an idealized
Eulerian computational fluid dynamics model. When the brain 1s 15% heavier than the CSF, flow velocity
from 1-2 fi's m the CSF layer develops under a translational impact loading, and the brain is estimated 10
move 3-7% in 12 ms into the subarschnoidal CSF layer. With frontal structural deformation, the calculated
coup-contrecoup pressures become asymmetric with incressed peak mugnitudes, i agreement with
experimentnl date. The model reproduces the strong Auid dynamic effects when cavitation occurs as
observed in the high acceleration tests, The snap back of the frontal impact site can produce a coup
cavitation with a strong pressure spike when the bubbles collapse.

The caleulntions show that cranial deformation increases the coup-contrecoup pressure peak
magnitudes asymmetrically increasing the chance of cavitation. Fluid-structure coupling has been
recognized as o significant phenomenon for head impact, and our fluid dynamic results are in agreement
with previous investigations (Kenner and Goldsmith, 1973; Merchant and Crispino, 1974), The favourable
dats comparison confirms that the Auid structure at the CSF-cranium boundary is important in modelling of
the brain response to head impact.

The computational fluid dynamics results ure consistent with the observation of coup-contrecoup
cavitation injury (Hosey el al., 1982), These simulations take the cavitation injury hypothesis to a higher
level of detail with the accounting for the thermo-fluid dynamic process. For cavitation response, an
Eulerian two-Muid model is more advantageous than o Lagrangian smectural approsch in simulating the
intemphase heat and mass transfer and bubble collapse. The Eulerion two-luid approach is advantageous
in modelling strong fluid motion and cavitation effects. A coupled Eulerian-Lagrangion fud-structure
model i needed to simulate realistic brain-crunium interaction with CSE effects. This study provides new
fluid dynamics response data useful in understanding the cranium-broin system under impact loading
situntions: Efforts should also be made (o correlate idealized results with realistic injury eriteria,

The limitations of the idealized computational model are; 1) the use of a cylindncal
approximation does not capture three dimensional effects, 2) no full fluid-structure coupling between the
cranium and CSF, and 3) an unclenr connection between simalation results and setual brain injury. The
simulated significant effects of eraninl deformation and acceleration on CSF and brain pressures indicate
the need of coupled fluid-structure modelling for brain injury enalysis. To provide closer connection
betwieen model results and setunl injury observation. more realistic three-dimensional compunational
modelling along with surrogate test modelling work 15 needed.
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Fipure 1. Photoeraph of Cromum-CSF-Broun physical model showimng the diapheagm where lood 12 applied
o the fixed model.  Pendulom impact load is applied at the equatorial flange of the frec-hanging
model. Fronl and Back comespomd (o coup and contrecoup,
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Figure 2, Schematic diagram of deformation-impact test,  Lowd 15 apphicd o the fixed model by controlled
wenght drop on the top diaphragm, Foramen magnum Qow is allowed through a discharge port
that is controlled by water column H.
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Figure 3. Schematic dingram of pendulum impact test. Load is applied to the free-hanpging model by
free-swinging pendulum weight with controlled initial height, b,
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Figure 4. Stnpgered computational mesh system for computational fluid dynamics caloulations in planar
cylindrical coordinates, { r—8 |, Pressure (scalor) is a1 cell center with velocities ar cell edges,
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Figure 7. Effect of formmen magni Now resistinee of predaure ot P1. Balloon diseharge port résistinee
wad controlled by water eolumn at 8. 12 and 24 inch height
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Figure 8, Effect of brain simulom material differences on pressore at P Significant effect observed when
compressibility wos introduced by insertmg 0 3. 1% air bubble (balloon) into the brain simulant,

131



HI G PUNCE pastasge a%digjos ajqqng g 1201)a BoiIREaianie o] Snp sem () oA dndbaanooy () amssad
suepd-prpy (2) asdeyon apqgnyg vouriar £g pasne su 7| seou a5ds anssaad g "WML [RITIONAS Jo yong duus wod) Funsas uoneyaen
dnosy () '(e) ‘wonmars dnosayuos pur dnos asnea or ginou Fuons Tuipeo sapun @pow Fuiduey sa1y paproj-wnnpuad g J0y =psay Ayprgqmeadoy ip aandiyg

] =}
aes) munl L) i
i L ¥l ke jihe e L o i oa L] 4
n
l\..!\..iy.\).{\v/\/ :
@
m 2 w E
L ]
M —y b1 TH
H —— ] e — ol
oci et
{ah (=)
(Wit asthiy | {au sy
i Ll (4 o o ] [ 4 Wi el Ll o il
o
o
\/ I
\ w3 A
g § ¥
e = e
o (1]
TIEE L - ey
H=a g ook bR oo
it oe

13]



“oodun uotjriaasos sof 2 Ag pasnpoad ses TONTIAED 0N IS dN0AIuos 3 () uo SR :EHHEBE e Mﬁ.___.. dniaa H_E 1] S
: : sspodsas amssaid jo uospmdunny
uo ¥oeg doos LUNONLE 0] NP UEHTIATY PISOED TOTEII |00 iy smdun uonnEEaae mo] poe g TIamiag s J

&
L) (&) ]
(sw) swi] (sw) awny
oz @+ 9@ ¥ 4 0 B0 80 YO €0 00 O 0z @ 9L ¥iL T4 OF #0 80 ¥0 TO 00 ﬂ.ﬁ.nﬂ.
i
n o
i 174
v = o N
H g
m 2 o 2
" o8
rn—— SOPIBRIY W)




Al
i —
o ! | 8
: ; —_—
aci '."‘. |.:.j ......... 18"
v - B
=TS ; 51
E i _.‘ L
i 2 ol
g et
] 3 IE "':
. TR E T
< ™ iR
O R I
200 E'; e
L3
A
S0 d : i
400
0 1 z a q 5 i T a
Time (ms)
(&)
10
B
= B
£
%‘ 4
o
[+
>
2
il
-2
a 1 2 3 4 5 [ T #
Time (ms)
{b)
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Figure 12: Effects of acceleration on coup snd contrecoup pressures {or test conditions shown in Fig. 11
ta) no cavitation, (b)Y contrecoup cavitation ot pendulum beight of 30" cecurs at around 2,7 ms.
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Figure 13: Effects of brain-CSF density ratio on coup and contrecoup pressures under acceleration loading,
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Figure 15: Mormalized relotive brain displacement cxpressed as |- stradn, due to seeeleration effects
with brain-CSF density mtio of 1.15 corresponding to Fig: 13.
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Figure 16: Effects of nccelerntion and deformation on coup (P1) and conirecoup (P2) pressures for the
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Figure |T: Effects of acceleration and deformation on coup and contrecoup pressures, cavitation case with the brain
and CSF simulated a3 water with the foramen magnum opening closed, () caleulation, (b) test dat,



